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POLYNUCLEOTIDE AMPLIFICATION ANALYSIS USING A MICROFABRICATED DEVICE.

Reference to Related Applications

This application is being filed contemporaneously
with the following related copending applications: USSN
07/877,702, filed May 1, 1992; USSN 07/877,701, filed
May 1, 1992; USSN 07/877,536, filed May 1, 1992; and
U.S. Serial No. 07/877,661, filed May 1, 1992, the
disclosures of which are incorporated herein by
reference,

Background of the Invention

This invention relates generally to methods and
apparatus for conducting analyses. More particularly,
the invention relates to the design and construction of
small, typically single-use, modules capable of analyses
involving polymerase chain reaction (PCR).

In recent decades the art has developed a very large
number of protocols, test kits, and cartridges for
conducting analyses on biological samples for various
diagnostic and monitoring purposes} Immunoassays,
agglutination assays, and analyées based on polymerase
chain reaction, various ligand-receptor interactions,
and differential migration of species in a complex
sample all have been used to determine the presence or
concentration of various biological compounds or
-contaminants, or the presence of particular cell types.



WO 93/22058° D - E PCT/US93/04039 -

Recently, small, disposable devices have been
developed for handling blologlcal samples and for
conducting certain clinical tests. . Shoji et al.

‘reported the use of a mlnlature_blood gas analyzer
‘fabricated on a silicon wafer. Shoji et al., Sensors
and Actuators, 15:101- 107 (1988) Sato et al. reported
a cell fusion technlque using micromechanical silicon
devices. Sato et al., Sensors and Actuators, A2l-
A23:948-953 (1990). - Ciba Cornlng Dlagnostlcs Corp.
(USA) has manufactured a mlcroprocessor-controlled laser
photometer for detectlng’blood clottlng. '

Micromachining technologf originated in the .
microelectronics industry. Angell et al., 5c1ent1f1c
Mmerican, 248:44-55 (1983). Mlcromachlnzng technology

. has enabled the manufacture of microengineered devices
hav1ng structural elements with minimal dimensions
ranglng from tens of mlcrons (the dlmen51ons of
biclogical cells) to nanometers (the dimensions of some
biological macremolecules). This scale is referred to

_ herein as "mesoscale”. Most experiments involving
mesoscale structures have involved studies of
mlcromechanlcs, i.e., mechanlcal motlon ang £low

- properties. The potential capahlllty of mesoscale
structures has not been explozted fuliy 1n the llfe

sciences.

Brunette (Exper. Cell Res., 167*203—217 (1986) and
164:11-26 (1986)) studied the behavior of fibroblasts
and épithelial cells in grooves in silicon, titanivm-
coated polymers and the llke._ McCartney. et al. (Cancer
Res., 41:3046-3051 (1981)) examined the'behav1 r of
tumor cells in grooved plastic substrates. - "LaCelle
(Blood Cells, 12:179-189 (1986}) studied leukocyte and
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erythrocyte flow in microcapillaries to gain insight
into microcirculation. Hung and Weissman reported a
study of fluid dynamics in micromachined channels, but
did not produce data associated with an analytic dev1ce.
Hung et al., Med. and Biol. Bngineering, 9:237-245
(1371}; and Weissman et al., Am. Inst. Chem. Eng. J.,
17:25-30 (1971). Columbus et al. utilized a sandwich
composed of two orthogonally orientated v-grooved
embossed sheets in the control of capillary flow of
biological fluids to discrete ion-selective electrodes
in an experimental multi-channel . test device.

Columbus et al., Clin. Chem., 33:1531-1537 (1987).
Masuda et al. and Washizu et al. have reported the use
of a fluid flow chamber for the manipulation of cells
(e.g. cell fusion). Masuda et al., Proceedings
IEEE/IAS Meeting, pp. 1549-1553 (1587); and Washizu et
al., Proceedings IEEE/IAS Meeting pp. 1735-1740 (1988).
The art has not fully explored the potential of using -
mesoscale devices for the analyses of piological fluids.

Methodologies for using polymerase chain reaction
(PCR) to amplify a segment of DNA are well established.
(See e.g., Maniatis et al. Molecular Cloning: A
Laboratory Manual, Cold Spring Harbor Laboratory Press,
1989, pp. 14.1-14.35.) A PCR amplification reaction can
be performed on a DNA template using a thermostable DNa
polymerase, e.g., Taq DNA polymerase (Chien et al. '
J. Bacteriol.:127:1550 (1976)), nucleoside
triphosphates, and two oligonucleotides with different ‘
Seéquences, complementary to seguences that lie on
opposite strands of the template DNA and which flank the
segment of DNA that is to be amplified (“primers®). The .
reacti n components are cycled between a higher
temperature (e.g., 94°c) for dehyhrldlzxng ("melting”)
double stranded template DNA, followed by a lower
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temperaturé (e.g., 65°C) for annealing and
polymerization.. A continval reaction cycle between
dehybridization, annealing and polymerization
temperatires provides exponential amplification of the
template DNA. For example, up to 1 pg of target DNA upl
to 2 kb in length can be obtalned from 30-35 cycles of
Aampllflcatlon with only 1078 pg of starting DNA.
Machlnes for performing antomated PCR ‘chain reactions
using a thermal cycler are available (Perkln Elmer

Corp )y

'ECR amplification has been applied to the diagnosis
of genetic' disorders (Engelke et al., Proc. Nétl Acad.
Sci., 85:544 (1988}, the detectlon of nucleic acid
'sequences of pathogenic organlsms in clinical samples
(Ou et al., Science, 239:295 (1988)), the gemetic
jdentification of forensic sémpléé, e.g., sperm (Li et.

-al., Nature, 335:414 (1988)), the analysis of mutations
in activated oncogenes. (Farr et'al;,'Proc. Natl. Acad.
Sci., 85:1629 (1988)) and in many aspects of molecular
cloning (Oste, BioTechniques, 6:162 (1988)). PCR assays

' can be used in a wide range of applications such as the
generation of spécific sequenceé'of cloned double-
stranded DNA for use as probes, the genératioﬁ of probes
spec1f1c for uncloned genes by selective ampllfxcatlon
of partlcular segments of cDNA, the generatlon of
libraries of cDNA from small amounts of mRNA, the
generation of'large amounts of DNA for sequencing, and
the analysis of mutatxnns. There is a need for
convenient rapld systems 'for PCR analyses, which could
be used clinically in a wide range of potential
applications in clinical tests such as tests for

~ paternity, and genetic and infectious diseases.
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An object of the invention is to provide analytical
systems with optimal reaction environments that can
analyze microvolumes of sample, detect very low
concentrations of a polynucleotide, and produce

- analytical results rapidly. Another object is to
provide easily mass produced, disposable, small (e.q.,
less than 1 cc in volume) devices having mesoscale _
functional elements capable of rapid, automated PCR
analyses of a. preselected cell or cell-free sample, in a
range of applications. It is a further object of the
invention to prov:.de a fam:l.ly of such devices that
individually .can be used to implement a range of rapid
clinical tests, e.q., tests for viral or bacterial
infectlon, tests for cell culture contaminants, or tests
for the presence of recomblnant DNA or a gene in a cell,
and the like.
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Summary of the Invention

The invention provides a family of small, mass

" produced, typically one-use devices for conducting a
polynucleotide polymerization reaction to enable the -
répid amplification of a polynucleotide in a sample. In
one embodiment, the device comprises a solid substrate,
on the order of a few millimeters thick and
approximately 0.2 to 2.0 centimeters square, that is
microfabricated to .define a sample inlet port and a

' mesoscale flow system. The flow system of the device
includes a sample flow channel extending from the inlet
port, and a-polynucléotide.palymerizatidn reaction . -
chamber in fluid communication with the flow channel
bolynucleotide; The term “"mesoscale® is uséd herein to
define chambers and flow passages having a cross-
sectional dimension on the order of 0.1 ym to 500 pm,
with preferréd reaction chamber widths on the order of
2.0 to 500 ym, more preferably 3 100 pm. For many
applications, channels of 5-50 pm WLdthS will be useful.
Chambers in the substrate wherein amplification takes
place may have soméwhat'larger dimensions, e.g., 1-5 mm.
Preferred reaction chamber and channel depths are on the
order of 0.1 to 106 pm, typically 2 - 50 ym. The flow
channels in the devices, leading toc the reaction ,
chambers, have preferred widths on the order of 2.0 to
200 m and depths on the order of 0.1 to 100 ym.

In one ambodiment, thé-devices may be utilized to
implement a ‘polymerization chain reaction (PCR)} in the
reaction chamber. The reaction chamber may be provided
with reagents for PCR including a sample polynucieatide,

polymerase, nucleoside triphosphates, a first primer
‘hybridizable with the sample polynucleotide, and a
second primer hybridizable with a sequence that is -
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complementary to the sample polynucleotide, wherein.the
first and second primers define the termini of the
polymerized polynucleotide product. The device also may
include means for thermally cycling the contents of the
PCR chamber, such that, in each cycle, the temperature
is controlled to 1) dehybridize ("melt") double stranded
polynucleotide, 2) anneal the primers to single stranded
polynucleotide, and 3) synthesize amplified ' .
polynucleotide between the primers. In one embodiment,
the PCR chamber may comprise one section which is
thermally cycled sequentially to the required
temperatures for PCR. Alternatively, the PCR chamber
may comprise two or more seétions, set at the different
temperatures required for dehybridization, annealing and
pdlymerization, in which case the device further

- comprises means for cycling the contents of the chamber
between the seEEionS'to implement the PCR, e.g., é.puhp
or other means as disclosed herein. The device may
further include meané for detecting the amplified
polynucleotide. The devices may be used to implement a
variety of automated, sénsitiﬁe and rapid polynucletide
-analyses, including analyses for the presence of '
polynucleotides in cells orzin'solution, or for analyses
for a virus or cell types using the presence of a
particular pplynucleotide as a marker.

Geherally, as disclosed herein, the solid substrate
comprises a chip, containing the mesoscale flow system
and the reaction chamber(s). The mesoscale flow
channels and reaction chambers may be designed and
fabricated from silicon and other solid substrates using
established micromachining methods. The'mesoscale flow
Systems in the devices may be constructed by
‘microfabricating flow channels and one or more reaction
chambers into the surface of the substrate, and then .
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adhering a cover, e.g., a transparent glass caover, over
the surface. -The deviceS‘Enalyze microvelumes (<10 yL)
of a sample, introduced into the flow system throngh an -
inlet port defined, e.g.; by a2 hole communicating
through the substrate or the cover.- The volume of the
mesoscale £low system typically will be <5 L, and the
volume of individual channels, chambers, or other
functional elements ars often less than 1 yL, e.g., in.
the nanollter or even plcollter range. Polynucleotldes
'present in very ‘low concentratlons, (e.g. nanogram
gnantltles) can be rapldly ampllfled (<10 ‘minutes) and
detected. - After a polynucleotide polymerization assay
is complete, the devices may be disearded.

The chips typically will be used with an appliance
which contains a nesting site for holding the chip, and
~ which mates one or more. input ports on the chip with one
- or more flow lines in the appliance. After a
biological fluid sample suspected te contaln a.
particular polynucleotide is applled to the inlet port’
of the substrate, the chip is placed in- the appllance
and a pump, e.g., in the appllance, is actuated to force
the sample through the. flow system. Alternatlvely,
sample may be injected into the chlp'by the aépliance.
Reagents reqnlred for the assay, such as a polymerase,
may be added to the polynucleotide sample prior to
1n3ect10n,1ntorthe ‘chip.- Alterqat;vely, reagents )
necessary to complete the assay can be injected into the
. reaction chamber from a separate inlet. port, e.g., by
the appllance. ‘Fluid samples and reagents may also
enter the mesoscale flow system by capillary action.

' In one embodiment, the devices may be utilized to
perform a PCR assay, and the temperature of one or more
section{s) in the reaction chamber can be regulated by,
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€.g., providing one or more electrical resistance
heaﬁerslin the substrate near the reaction chamber, or
by using a pulsed laser or other source of
electromagnetic energy directed to the reaction chambeér.
The appliance may include electrical contacts in the
nesting reglon which mate with contacts integrated into
the structure of the chip, e.g., to power electrical
resistance heating of the reaction chamber. A cooling
element may also be prov1ded in the appllance to assist
in the thermal regulatlon of the reaction chamber. The
appliance may be provided with conventlonal c1rcu1try
sensors in communication with sensors in the device for
thermally regulating the PCR temperature cycles requlred
for the dehybridization and polymerlzatlon reactlons.

The amplified polynucleotide produced by the
polynucleotlde amplification reaction in the mesoscale
reaction chamber can be collected through a port in the
substrate and detected, e. g., by gel electrophore51s or
any other method. Alternatively, a mesoscale detectlon
region may be microfabricated in the substrate, in fluid
communication with the reaction chamber in the device,
as a part of the mesoscale flow system. The detection.
region may include a labeled binding moiety, such as a

' labeled polynucleotide or antibody probe, capable of
detectably binding with the amplified polynucleotide.
The presence of polymerized polynucleotide product in .
the detection reglon can be detected, e.gq., by optical
detectlon of agglutination of the polymerized
polynucleotide and the binding moiety throwgh a glass
cover over the detection region or ‘through a translucent
section of the substrate itself.

A positive assay may also be indicated by detectable
changes in sample fluid flow properties such as changes
in pressure or electrical conduct1v1ty at different
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points in the flow system upon productlon of polymerlzed
polynucleotide in the reaction chamber. .In one

' embodiment, the dev1ce comprises a mesoscale flow system
which includes a polynucleotlde ampllflcatlon reaction .
chamher, and a detection reglon is used in combination
with an appllance which -includes sensing. equipment such
as a spectrophotometer capable of readlng -a p051t1ve
result through an optical w1ndow, e.g., dlsposed over
the detection region. The appliance may also be ‘
designed to receive electrical 51gnals indicative of a
pressure reading, conductivity, or the like, - sensed 1n
the reaction chamber, the detection reglon, or some
other region of the flow system.

The eubstrate may comprise a plurality of
detection/reaction chambers to enable the rapld parallel
detection of polynucleotides in a mixture. The
mesoscale flow system may include protrusions, or a
section of reduced cioss sectional area, to enable the
lysis of cells in the microsample prior to delivery to

the reactien chamber. Sharp edged pieces of silicon,
trapped in the flow path,- can alse be used as a lysis
'means The mesoscale flow. system also may include a .
cell capture region comprising a blndlng molety, e. g.,
immobilized on a wall of a flow channel, which binds a
particular type of cell in a heterogeneous cell
population at a low fivnid flow rate, and at a greater
flow rate, releases the cell type prior to dellvery of
‘the cells to 2 cell lysis region then to a reactlon

- chamber. In.this embodiment, intracellular DNA or RNA
is isolated from a selected cell subpopulation .and
delivered to the mesoscale reaction chamber for
polynucleotide analysis in one device.

Ly

«»
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In another embediment, magnetic beads may be

" provided within the mesoscale flow system, which can be
moved along the flow system by an external magnetic
field, e.g., in the appliance. In one embodiment, a
polynucleoctide probe may be immobilized on the magnetic
beads enabling the beads to bind to amplified
polynucleotide in the reaction chamber. Magnetic beads
containing an immobilizgd polynucleotide probe may be,
e.g., transpdrted through the flow system to the _
reaction chamber at the end of an assay to bind to the
polymerized polynucleotide product. . The bound '
polynuclestide may then be transported on the magnetic
beads to a detection or purification chamber in the flow

system, or to a collection port.

Some of the features and benefits of the devices are
illustrated in Table 1. The devices can provide a rapid
test for the detection of pathogenic bacteria or
viruses, or for the presence of certain cell types, or
the presence of a gene or a recombinant DNA sequence in
a cell. The devices as disclosed herein are all '
characterized by a mesoscale flow system including a PCR
chamber which is used to émplify a polynucleotide in a
sample, which may be provided with polymerase ‘and other
reagents required for PCR. The device may be used to
amplify a polynucleotide in a wide range of
applications. At the conclusion of the assay the chip
typically is discarded.. o
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Fegture

Flexibility
»keproducible

Low Cost
Production

Smhll Size

Microscale

Sterility -

Sealed System

PCT/US93/04039 -

-1z

. 'ABLE 1 .
Benefit

No limits to the number of chip

" designs or applications available.

Allow%:reliable, standardized, mass
production of chips. '

Allows competitive pricing with
existing systems. Disposable nature
for single-use processes. -

No bulky instrumentation reéuired.
Lends. itself to portable units and
systems designed for use in non-
conventional lab environments.
Minimal storége and shipping costs.

Minimal samplé.ahd réagent volumes
required. Rediices reagent costs,
especially: for more expensive,
specialized test procedures. Allows
simpI¥ified. instrumentation schemes.

Chips can_ be sterilized for use in
, micfobiblogicaliassays and other

procedures requiring clean
environments.

Hinimizes bi hazards. Ensures
process integrity.

9
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Mpltiple Circuit Can perform multiple processes or
Capabilities analyses on a single chip. Allows
‘ panel assays.

Multiple Expands capabilities for assay and
Detector ‘ process monitoring to virtuvally any
Capabilitiés system. Allows broad range of

' applications. '

Reuseable Chips Reduces per process cost to the user
for certain applications.



WO 93/22058 ‘ ' ‘ . PCI/US93/04039

- 14 -

Brief Description of the Drawings

-FIGURE 1 is a schematic longitudinal cross sectional
view of a device according to the invention that
includes a solid substrate 14, on which is machined
mesoscale flow channel 20 connected to inlet ports 16
and PCR reaction chamber 22, with a transparent cover-12
adhered to the surface of the substrate.

FIGURE 2 is a perspectlve view of the dev1ce of
Figure 1. i

FIGURE 33 is é-séhematic illustration of an
analytical device 10 nested within a schematically
illustrated appliance 50, which may be used to suppart
the device 10 and which includes heating element 57 for
regulating the teﬁperature of the reaction chamber 22 in

device 10.

FIGURE.-3B is a schematic illustration of an
analytical device 10 nested within appliance 50, which
- may be used to support the device 10 and which includes
the heating element 53 for regulating the temperature of
the reaction chamber 22 in device 10. .

FIGURE 4 is a séhematic.lohgitudinal cross ‘sectional
view of a device according-td'the invention that
includes a solid subétrate'14, on which is machined
mesoscale. flow channel 20 connected to inlet ports 16
and PCR reaction chamber sections.22, with a transparent
cover 12 adhered to the surface of the substrate.

FIGURE 5 is a. perspectzve view of the device of

Fig. 4.
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FIGURE 6A is a schematic illustration of analytical
device 10 nested within appliance 50, which may be used
to support the device 10, and which includes heating
elements 57 for regulating the temperature of the
reaction chamber sections 22 in device 10.

FIGUREAGB is a schematic illustration of analytical
device 10 nested within appliance 50, which may be used
to support the device 10 and whlch includes heatlng
element 57 for requlating the temperature of the
reaction chamber section 22A in device 10.

'FIGURE 7 is a schematic plan view of a substrate 14
microfabricated with mesoscale PCR chamber sections 223
and 22B, in fluid communication with a. detection chamber

comprlsed of a fractally blfurcatlng system of flow
channels 40 symmetrlcally dlsposed on the substrate.

FIGURE 8 is-a cross sectional perspective view of a
flow channel 20 in substrate 14 with cell or debris
filtering protrusions 80 extending‘from a wall of the
channel. '

FIGURE 9 is a cross sectional perspectlve vzew of a
flow channel 20 in substrate 14 with cell piercing
protrusions 90 extending from a wall of the channel.

FIGURE 10 is a schematic plan view of a mesoscale
PCR analytical device including PCR chamber sections 22a

~and 22B microfabricated in the silicon substrate 14.

'FIGURE 11 is a schematic plan view of another
mesoscale PCR analytical device including a PCR chamber
221 microfabricated in the silicon substrate 14.
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.- FIGURE 12 is a schematzc plan view of an analytlcal .
~device fabricated with a series of mesoscale chambers .
suitable for implementing a variety of functions N '

inclqding cell sorting, cell lysing and PCR analysis.

¥

FIGURE 13 is a schematic plan view of an analytical
device fabricated with a pair of fractally blfurcatlng
' fIOW'ehannels 40.

_FIGURES 14, 15 and 16 illustrate top plan views of
different embodiments of a meéoscale tilter 24
mlcrafabrlcated in flcw channel 20 in an analytlcal
device 10.

FIGURE 17 is a schematic perspective view of an
apparatus 60 used in combination with device 10 for -

viewing the contents of device 10.

FIGURE 18 is a schematlc cross sectional view of the
apparatus 60 of Figure 17.

" Like reference characters in the respectlve drawn
flgures indicate correspondlng parts.

L]
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Detailed Description

The invention provides a family of small, mass
produced, typically one-use devices for conducting a
polynucleotide polymerization reaction to enable the
rapid_amplification of a polynucleotide in a fluid
sample. The devices comprise a solid substrate,
typically on the order of a few millimeters thick and
approximately 0.2 to 2.0 centimeters square,
microfabricated to dgfiﬁe a sample inlet port and a
mesoscale flow system. The mesoscale £low system
includes at least one sample flow channel extending from
the inlet port and at least one polynucleotide
polymerization reaction chamber in fluid communication
with the flow channel. The arrangement of channels,
chambers, and multiple ports facilitates the sequential,
properly timed, and volumetrically;correct addition of
sample and reagents within the device. The reaction
‘chamber and the fleow channels preferably have a
mesoscale dimension, i.e. a cross sectional dimension on
the order of 0.1 to 500 pm. The preferred depth of the
reaction chamber is on the order of 0.7 to 100 ym, and
preferred width is on the order of 2.0 to 500 pm. The
preferred depth of the flow channels is on thé order of
0.1 to 100 pm, and the preferred width is on the order

of 2.0 to 200 ym.

In one embodiment, the devices may be utilized to
conduct a polymerase chain reaction (PCR) in the
reaction chamber (PCR chamber). The PCR chamber is
provided with reagents required for a polymerase chain .
reaction including'the-sample P lynucleotide, a
polymerase such as Tag polymerase, nucleoside _
triphosphates, a first primer hybridizable with the
sample bolynucleotide, and a second primer~hyhridizéb1e
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with a sequence complementary to the polynucleotide,
wherein the first and second pfimers'define the termini
of the polymerlzed product polynucleotide. The
polymerase chain reaction may be performed, accordlng to
methods established in the art (Maniatis et al.,
Molecular Cloning: A Laboratory Manual; Cold Spring

* Barbor VLaborétory Press, 1989). “The device may include
means for thermally cycling the contents of the chamber
such that, in each cycle, temperature is controlled to
dehybridize double stranded polynucleotide to produce
single stranded polynuclebtido; and then to anneal the
primers and allow polynucleotide polymerization. In
addition, other polynncleotlde polymerlzatlon reactions
known in the art may be utlllzed including the.

" isotherma) in vitro amplication of DNA by a restriction

" enzyme/DNA polymerase system. Walker et al., Proc.
Natl. Acad. Sci U.S.A., 89:392-396 (1992}. A ligase
chain reaction also may be utilized. Backman, K. Clin.
Chem., 38:457-458 (1992}. . | IR

In one embodiment, the device also may include means
~ for detectmg the amphfled polynucleotide. The devices
may be used to mplement a variety of automated,
sensitive and rapid polynucleotide analyses lncluding'
the'aﬁalysis of polynuclectides in cells or in solution.

At the conclusion of the assay the devices typically are’

discarded. - The use of disposable devices eliminates

contamination among samples. The sample and reaction

mixture at all times can remain entombed, and the low
- volume simplifies waste disposal.

- Analytical devices having.mesoocale flow channels
and reaction chambers can be designed and fabricated in

large quantities from a $olid substrate material. They .

can be sterilized easily. -Silicon is preferred because

)
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of the well-developed technology permitting its precise
and efficient fabrication, but other materials may be
used, such as polymers including polytetrafluoro-
ethylenes. The sample inlet and other ports, the
mesoscale flow system, including the sample flow
channel(s) and the reaction chamber(s) and other
functional elements, thus may be fabricated in
expensively in large guantities from a silicon substrate
by.any of a variety of miéroméchininglmethods known to
those skilled in the art. The micromachining methods
available include film deposition processes such as spin
coating and chemical vapor deposition, laser fabrication
or photolithographic techniques such as UV or X-ray
processes, or etching methods which may be performed by
either wet chemical processes or plasma processes.

(See, e.g., Manz et al., Trends in Analytical Chemistry
10: 144-149 (1991)).

Flow channels of varying widths and depfhs.can be
fabricated with mesoscale dimensions. The silicon
substrate containing a fabricated mesoscale flow channel
may be covered and sealed with a thin anodically bonded

- glass cover. Other clear or opaque cover materials nay
be used. Alternatively, two silicon substrates can be
sandwiched, or a silicon substrate can be sandwiched
between two glass covers. The use of a transparent
cover results in a window which facilitates dynamic
viewing of contents in the mesoscale flow system. Other
fabrication approaches may be used. :

In one embodiment, a PCR analysis may be conducted
in the reaétion.chamber of the devices. As illustrated
schematically in Figures 1 and 2, the d vice 10 may
incloude a silicon substrate 14 microfabricated with
inlet porté 16, a mesoscale flow channel 20, and PCR
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chamber 22. The polyrucleotide sample and the. reagents
‘required for the polymerization reaction are added, and
the products withdrawn (if necessary) through flow
channel 20 and reaction chamber 22 through inlet ports
16 which_arelfabrigatéd on either end of the fiow
‘channel 20.  The substrate 14-is covered with a glass or
piastic coverslip 12. During an analysis, the device 10
may be used in combination with an appliance, such as
appllance 50 shown schematlcally in Figure 33. ° '
Appliance 50 includes a nesting site 58 for holding the
" device 10, and fdr registering ports,.é.g., ports 16 on
device 10, with a flow line 56 in the applianée. ‘A
pump 52 in appliance 50 is used to deliver a sample
and/or reagents from flow line 56 in the appliance to
the reaction chamber 22 via the imlet ports 16.

The appliance 50 may include a heating/cooling’

- element 57 for controlling the temperature within the

. PCR chamber, e.g., an electrical heating elememnt and/or

a refrigeration coil. The electrical heating element
may alterrmatively be integrated into the substrate 10,

" with contacts for power mated to matching electrical
contacts in the appliance below the reaction chamber 22.
Alternatively, as shown in Figure 3B, the ‘appliance may
incinde a heating means 53, such as a laser, or other
‘source of electromagnetlc energy, dlsposed aver the '
reaction chamber in device 10. Alternatively, the laser

~may be disposed in the appliance below the rsaction '
chamber. A microprocessor in the appliancé may be used
to requlate the heating element in order to provide a
temperature cycle in the PCR chamber betweén a
temperature suitable for dehybrldlzatlen, e.g. 94°C, and
a temperature suitable for annealing and polymerization,
e.g. 65°C. A thermocouple may also be.provided in ‘the
substrate in electrical contact with the appliance,- to-
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allow the microprocessor to detect and maintain the
temperature cycles in the feéctiqn chamber. A'cooling
element, such as a miniature thermoelectric heat pump
(Materials Electronlc Products Corporation, Trenton, New
Jersey), may also be included in the appliance for
adJustlng the temperature of the reaction chamber. 1In
another embodlment, in the appllance shown in- -Figure 3B,
the temperature of the reaction chamber can be requlated
by a timed laser pulse dlrected at the reaction chamber
through glass cover 12, so as to allow sequential
heating and cooling of the sample to the required

- temperatures for the PCR cycle. The thermal properties
of silicon enahle a rapid heating and coollng cycle.

The‘analytical devices also may be utilized in
combination with an applidnce'for_miewing the contents
of the mesoscale channels in the devices. The appliance
-in one embodiment may comprise a microscope for viewing
the contents of the mesoscale channels \in the devxces.
In another embodiment, a camera may be included in the
appliance, as illustrated in the appliance 60 shown

- schematically in Pigures 17 and 18. The appliance 60 is
provided with a hou51ng 62, a viewing screen 64 and a

~ slot 66 for inserting a chip into the appliance. As
shown in cross section in Figure 17, the appliance 60 -
also includes a video camera 68, an optical system 70,
and a tilt mechanism 72 for holding device 10, and
allowing the placement . and angle of device 10 to be

. adjusted manually. The -optical system 70 may include a
lens system for magnifying the channel COnfents, as well
as a light source. The video camera 68'and'screen.64
allow changes in sample fluid properties, such as flow
properties or color, induced by the presence of
polymerlzed polynucleotlde, to be monitored vxsually and
opt1onally recorded using the appl;ance. -
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In another embodiment, illustrated scheoatically in
Figures 4, 5 and 63, a mesoscale PCR chamber may be
microfabricated with multiple sections, e.g., two
sections 22A and 22B, connected by flow channel 20B. In
this embodiment, section 22A is heated to-a temperature -
suitable for dehybridization and section 22B is heated
to a temperature suitable for annealing and -
polymerization. During an analysis, the dev1ce 10 may
be placed in. appllance 50 (Figure 6A). . The
appliance 50 is provided with means 57 for controlliing
the temperature of the reaction chamber sections.
Alternatively, a laser may be used to heat the sections.
A thermocouple can be included in‘the'sobstrate to
monitor the temperatures of the sections of the reaction
chamber, and its output may be used to contrel thermal
input with the aid of a-microprocessor. In operatlon, a
pump 52 in the appliance is used to deliver the
polynucleotide sample and ‘the required PCR reagents from
flow line 56 through inlet port 16A to section 22a. The
pump 52, which also may be controlled by a
mlcroproqessorl;n the appllance, is then used to cycle
the sample continually between sepﬁions 222 and. 228,
through ‘channel 208 to implement a continual polymerase
chain reaction cycle, while port 16B serves as a vent.
When the-reaction is complete, the pump 52 in appliance
50 may be used to deliver the sample through port 168
and line'56 in the appliance to port 59 to recover the
product. Of course, three or more chambers may be used,
each of which are maintained at a temperature suitable
for condnctlng a partlcular.reactlon‘

In another embodlment, in the device 19 shown in
Pigures 4, 5 and 6B, a heating element may be used to
heat section 22A to a temperature suitable for )
dehybridization of double stranded DNA, e.g. 94°C, while
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section 22B and channel 20B, which connects sections 22a .
and 22B, are spaced apart from section 22A such that
upon transport of a heated sample from section 222 to
section 22B, heat is dissipated sufficiently to permit
the temperature of the sample to fall to the temperature
‘reguired for anneallng and polymerization before the
sample is returned to section 22A for further cycling.
This may be achieved readily as 5111con has a relatively
high thermal conductivity and the area of interface
between the liquid sample and the substrate is quite
high. In this embodiment, microprocessors in the
appliance 50 are used to control pump 52, which -
requlates the flow cycle of the sample ‘between -
sections 22A and 22B.  Thus, a dynamic thermal
equilibriuvm creates a temperature gradient along the
flow path between the chambers, and appropriate
temperatures are achieved in both using a single heatlng
source. Other designs are possible. For example, the
annealing and polymerization reactions could be
implemented in different sections of a single PCR

' chamber, set at different optlmlzed temperatnres.

The' polymerase chaln reaction may be implemented
using any thermostable polynucleotxde polymerase, such
as Taq polymerase. Reagents such as Taq polymerase may
be added to a sample and then delivered through an inlet
port to the mesoscale reactlon chamber, or the reagents
may be delivered to the reaction chamber independently
of the sample through a separate 1n1et port. '

The capacity of the devices is very small and
therefore the amount of sample fluid required for an
analysis is low. For example, ina 1l cm x 1 cm silicon.
substrate,- havxng on its surface an array of 500 grooves
whlch are 10 microns wide x 10 microns deep x1lcm
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(10 microns) long, the volume of each groove is 10 -3 uL
and the total volume of the 500 grooves is 0.5 pL. - The
low volume of the mesoscale flow systems allows assays
to be performed on very small amounts of a liquid sample
(<5 pl). The mesoscale flow systems of the devices may
be microfabricated with microliter volumes, or
alternatively nanoliter volumes or less, which
advantageously limits the amount of sample andfor
reagent fluids required for an assay.

The devices of the invention pfovidé-mespscale
polynucleotide polymerization reaction chambers which
may be used for the rapid amplification of a =

polynucleotide in a2 biological fluid sample. The device

may also include a means for detecting the amplified
polynucleotide product disposed either in the substrate
or in the appliance. The presence -of ampllfled
polynucleotlde product in the device can be detected by
any of a number of methods‘;ncludlng monitoring. the
pressure or electrical. conductivity of samplé fluids -
entering and/or exiting the reaction chamber in the
mesoscale flow system. The presenée of ampllfled
polynucleotide product also can be detected by a binding
assay with a labeled probe such as a labeled
oligonucleotide or antibody probe, or by gel
electrophoresis.

In one embodiment, the amplified polynucleotide
product can be detected by using a detection chamber
fabricated in the mesoscale flow system in the substrate
in £fluid communication with the reaction chamber. The
detection chamber is provzdéd with a binding moiety
capable of binding to the ampllfled polynucleotide. The
binding moiety may comprise, e.g., a polynucleotide or
antibody probe. The detection chamber may be fabricated

PCT/US93/04039

x
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in accordance with methods disclosed in U.S. Serial No.
[Attorney Docket No. UPAGO1l {8261/2)), Mesoscale
Detection Structures, the disclosure of which is
ihcorporated herein by reference. The device may be
used in combination with an appliance containing a
mlcroprocessor for detecting and recording data obtalned

during an | assay.

" In one embodiment, the mesoscale detection chamber
may be provided with an inert substrate, e.g., a bead or
other particle, capable of binding to the polymerized -
polynucleotide, to cause detectable agglomeration of the
beads in the presence of polymerized polynucleotide
product. Particle induced agglomeration can be enhanced
by the attachment of a binding moiety, such as an
antibody, to the particle.

. Antibodies or other binding moieties capable of
binding to the polyme}ized polynucleotide may be
introduced into the detection chamber, or may be coated,
either chemically or by absorption, onto the surface of

- the detection region, or alternatively, onto the surfacé
of an inert particle in the detectioﬁ region, to induce
binding, giving a positive test for the polynuclectide.
Techniques for the chemical activation of silaceous
surfaces are well developed, particularly in the context
of chromatography. (See, e.g., Haller in: Solid Phase
Biochemistry, W.H. Scouten, Ed., John Wiley, New York,
pp 535-597 (1983); and Mandeniuvs et al., Anal. Blochem.

© 170: 68-72 (1988)). 1Im one embodiment, the binding

. moiety may comprise anrantlhody, and immunoassay
techniques kn wn in the art can be performed in the
detection r gion. (See, e.g., Bolton et al., Handbook

- of Experimental Immunology, Weir D.M., Ed., Blackwell
Scientific Puhllcatlons, oxford, 1986, Vol..1,

Chapter 26, for a general dlscu551on of immunoassays).
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An optically detectable label éuch as a fluorescent
molecule -or fluorescent bead may. be attached to the
binding moiety to enhance detection of the polymerized
polynucleotide. Alternatively a second labeled
substance, such as a fluorescent labeled antibody may be.
delivered through the flow system to bind to the bdun@
polynucleotide/binding moiety complex in the detection
region to produce a "sandwich" including an optically
detectable moiety indicative of the presence of the’
analyte. The binding of the amplified polynucleotide to
the binding moiety in the detection region may be '
detected, e.g., optically, either visually or by
machine, throuéh a't:aHSparent window disposed over the
detection region. In one embodiment, the production of
amplified polynucleotide may be detected by the addition
of a dye suck as ethidium bromide, which exhibits
enhanced fluorescence upon binding to_dbuble stranded

polynucleotide. Hiquchi et al., Biotechnoloqy, 105-413
(1992), . : -

The detection chamber may also be provided with a
‘labelled complementary polynucleotide capable of binding
to one of the stfénds of the amplified polynucleotide,
e.g., a labeled polynucleotide immobilized on’a bead, to
-enable the detection of polymerized polynncleotide
product by means of bead'aggiutination._ Polynucleotide
hybridization techniques known in‘the art may be -

- ptilized. Maniatis.e; al., Molecular Cloning:'a
Laboratory Manual, 2nd ed., Cold Spring Harbor Press,
1989); Venmer et al., Anal. Chem., 198:308-31% (1991).

_-Polynueleotide probes may be attached to, e.g., a
submicron latex particle. Wolf et al., Nucleic Acids

Research, 15:2911-2926 (1987).
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Polynucleotide polymerization also can be detected
using a detéction_region sensitive to flow restriction
caused by the presence of polymerized polynucleotide
produced in the reaction chamber, as is disclosed in
USSN [Attorney Docket No. UPAQQ2 {8261/3)], Analysis .
Based on Plow'Resttiction, the disclosure of which is

- incorporated herein by reference. The presence of
.amplified polynucleotide also may be detected by sensing
the pressure or,electrical'conductivity of the fluid
samples entering and exiting the flow system. The
conductivity may be measured, e.g., using electrical
contacts which extend through the substrate and which
mate with electfical contacts in an appliance used in
combination with the device. Electrical contacts can be
fabricated by known technigques of thermal gradient zone
melting. (See Zemel et al., in: Fundamentals and
Applications of Chemical Sensors, D. Schuetzle and R.
Hammerle, Eds., ACS Symposium Series 309, Washington,
DC, 1986, p. 2.) |

Amplified polynucleotide in the reaction chamber can
be detected by honitoring the pressure of the sample
fluids.j For example, in a device 10, nested in
appliance 50, illustrated schematically in Fiqure 6a,
the pressure detectors >4 connected to sample fluid
entering and exiting the mesoscale flow system through
ports 16 will allow the detection of pressure decreases
caused by the pfesénce of ﬁolymefized product and
resulting clogging or flow restriction. A mesoscale
pPressure sensor also may be fabricated directly on the

silicon substrate. Aangell et al., Scientific American
- 248: 44-55 (1983). ' :
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 Polynucleotide pblyme;izafion can be detected by the
~ use of a mesoscale flow system sensitive to flow '

- restriction, constructed wzth a "fractal” pattern, i.e.,
a pattern of serially hlfurcatlng flow chanpels. -The
fractally  bifurcating channels may be fabricated on a
silicon substrate with reduced dimensions at each
bifurcation, providing sequentially.narrower flow
channels. Figure 7 shows a schematic plan view of a

- substrate 14 fabricated W1th a fractally bifurcating
system of flow channels 40 connected via channel 20 to
ports 16 and a PCR reaction chamber comprising
sections 22A and 22B. The presence. of aﬁplified_
polynucleotide product in a sampléiwill-influencé the
flow characteristics within‘t&e fractal. The channels
40 in this embodiment are symmetrically disposed and
have a sequentially narrower diameter towards the center
of the fractal. Flow through this fractal is sensitive

- to changes in fluid viscosity caused by the presence of
polymerized product. Alternatlvely a more complex
fractal flow system may be utilized, as illustrated in
Figure 13. Figure 13 illustrates a pair of fractally
bifurcating flow channels 40A and 40B. The fractal flow
channel 40A.is constructed with sequentlally narrower
flow channels towards the center.of the fractal,
resulting in an enhanced senszt1v1ty to flow

' restnct:.cm. :

Flow restriction in the fractal region can be
detected, e.g.,'optically;'thrbugﬁ a transparent cover
over the detection region. Altermatively, one or more
pressure sensors may be utilized to- detect pressure
changes due to changes in fluid properties caused by the
presence of amplified polynucleotide in ar beyond the
fractal flow paths. Changes in conductivity upon
poly._xmcleotide production also ‘may be readily detec.ted '
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through electrical conductivity sensors in contact with
the flow region. For éxample,'clogging of the fractal
region 40 which blocks flow from inlet port 16A to
outlet port 168 could be detected by a conventional
conductivity probe 17 whose output is indicative of the
presence or absence of aqueous fluid in the outflow
channel. Binding moieties such as labeled antibodies or
poifnuélébtide”prdbés'may'bé included in the fractal
region, e.g. immobilized, or on a solid phase reactant
such as a bead, to bind to the product polynucleotide to
induce flow restriction in the fractal flow path.

In one embodiment, the mesoscale flow system
includes a chamber for lysing cells from a sample in
preparation for downstream polynucleotide analysis. The
devices_aISO'may include- a region édapted to separate a
particular type of cell in a heterogeneous cell
population. 'The cell separation region includes
immobilized binding moieties immobilized on'structures
within the substrate which selectively reversibly bind a
target cell via a characteristic cell surface molecule
such as a protein. Other cells in the sample pass
downstream and are discarded into a éump or through an
exit port. Flow may be continued to wash the cells,
e.g., with a flow of buffer. At higher flow rates and
preséures, the washed cells are sheared from the
surfaces, released from the separation region, and move
downstream to a lysis means, which lyse the cells prior
to PCR analysis of an intracellular RNA or DNA molecule.

The cell lysing means typically is disposed in the
flow path between the cell separation region (if any) .
and the polynnpleotide polymerization reaction chamber
to allow the cells to be lysed prior to analysis for an
intracellular polynucleotide. As illustrated in B
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Figure 9, thé.cell lysing means may comprise cell
membrane piercing protrusions 90 extending from a
surface of a flow chamnel.20. As fluid flow is forced
through the piercing protrusion 90, cells are ruptured.
In another embodiménf, the cell lysis means may simply
comprise a region of restricted cross-sectional
dimension which implementslcell'lysis upon application
. of sufficient flow pressure. The cell. lysis means. may
also comprise sharp edged pieces of silicon trapped
within a mesoscale lysis chamber. An appliance which
includes means, such aé-a_pump, for forcing the cell
containing sample into the cell lysis means, causes cell
lysis upon application -of sufficient flow pressure, and
subsequently- delivers the sample through the flow system
to the reactibn.chamher, In another embodiment; the
cell lysis means may compfise a cell lysing agent. Cell
lysing agents known in the art may be utilized.

Reagents may be.added'to‘the reaction chamber from a.

separate inlet port-in the substrate in fluid
. commnication with-the'reaction'chamber. A filter,
microfabricated in the flow channel eon .the silicon
substrate, cén,be used to filter cell debris prior to
polynucleotide analysis. 1In one embodiment, shown in -
Figures 14, 15.and 16, the filter 24 in device 10 may
comprise a mesoscélé,flow'bhannel pf reduced diameter in
comparison with channel 20. in operation, sample flows
from sample flow channel 20a through filter 24. Sample
filtrate then exits filter 24 and flows through channel
20B. The filter 24 is microfabricated with depths and
widths on the order of 0~1 to 20im, while flow channels
20A and 20B have maximum depths and widths on the order

-

PCT/USY3/04039 -
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of approximately 500im. As illustrated'in Figure 8, the
surface of a flow channel 20 may also include
protrusions-éo constituting a cellular sieve for
separating cells by size upstream from the PCR analysis
chamber. As cell samples are flowed through the flow
channel, typically under low pressure, only cells small
enough to pass between the protrusions 80 reach
downstream functional elements. These cells
subsequently can be delivered through a cell lysis
region, then to a PCR reaction chamber for énalysis.

In another embodiment, paramagnetic or ferromagnetic
beads may be provided within the mesoscale flow system,
which can be moved along the flow system by an extermal
magnetic field, e.g., in the appliance. The beads may
be-used to transport reagents between functional
elements in the device, or to displace a sample, a
reagent or a reaction mixture. In one embodlment, a
polynucleotide probe may be immobilized, on the magnetlc
beads enabling the beads to bind to amplified
polynucleotide. Hagnetic beads comprising a coating of
polynucleotide probe may be tranSported through the flow
system to the reaction chamber at the end of an éssay to
bind to the polymerized polynucleotide product. The
bound polymerized polynucleotide then may be transported
on the magnetic beads to a detection or purification
chamber in the flow system, or to a collection port.

One embodiment of the invention, illustrated in.
Figure 10, is a device 10 comprising a substrate 14
microfabricated with a mesoscale PCR chamber comprising
sections 22A and 22B, which are connected by flow
path 20B. The PCR chip 10 is used in c mbination with
an appliance, such as applianc 50, shown in Figure 6A,
which contains a nesting site for holding the chip.. The
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appliance 50 is provided with flow paths 56 mated to
ports 16A, 168, 16C and 16D in device 10. The appliance
also includes valves that allbw-the ports 16A, 16B, 16C
and 16D to be mechanically opened and closed. In one
embodlment, the flow systems- of the devices may be
maintained at a hydranlically full volume, and valves in
the appliance, or altermatively, in. the devxces, may be
utilized to direct fiuid flow. Sections 22A and 22B of
the PCR chamber are heated to 94°C and 65°C,
respectlvely, to prov1de a melting’ temperature'and an
annealing temperature as required-for PCR. As discussed
above, reaction chamber sections may be heated by means
of an electrical contact integrated in the substrate
below the sections, which can mate with electrical
contacts in the'appliance.{ Alternatively, an optical
laser may be used to heat the reaction chamber sections

. through a glass cover disposed over the substrate. - a

- heat sensor may be provided in the substrate, in
electrical contact with the appliance.. A microprocessor
in the appliance can be used to control the temperature
of the reaction chamber sections and the flow of fluid

‘ 1n the flow system.

In operation, initially, with the chanmels and
chambers full of buffer, port 16A and 16C are open while
16B and 16D are closed. A pump 52 in the appliance
delivers the sample fluid and, optionally, reagents
required for PCR such as Tag polymerase, primers and -
‘nucleoside triphosphates, via port 162, through filter
24, to reaction chamber sectlon 22A. - Port 16A next is
closed and 16B is opened, and the pump 52 in the
appllance is uvsed to rec;procate £lnid flow in cycles
through flow channel 20B between section 227, where

‘.polynucleotlde dehyhrldlzatlon occurs, and section 22B,
where annealing and polymerlzatlon occurs. Port 16C can
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be used to vent the system, and also optionally to
deliver Taq polymerase, nucleoside triphosphates,
pfime:s, and other reagents. When the polymerase
cycling reaction is complete, e.g., after 30-35 cycles,
‘port 16C is closed, port 16D is opened, and the pump in
the appllance is actuated to deliver the reaction
products from PCR chamber sections 22A and 22B to
detection chamber 22C, which contains,‘e,g;, a
polynucleotide complementary to the amplified sense
and/or antisense str;nd,.immobilizéd on beads 92.
Polymerization prbduét is detected by observing the
agglutinationlofAbeads 92, e.g., visually through a
translucent cover disposed over the‘detectiqn'region.'

Another embodiment is 1llustrated in Figure 11. .The
functlon, structure, and operation of this device is
identical to that shown in Figure 10, except that it
comprises a single PCR reaction chamber 22A. The device
is used in combination with an appliance such as
appliance 50 shown in Figare 3A. The device includes
means for heating and cooling reaction chamber 22A°
alternatively to a temperature required for melting and
a temperature required for annealing and polymerlzatlon

In operation, the appliance is used to dellver a
sample contalnlng polymerase and other reagents required
for PCR through inlet port 16a to reaction chamber 22A.
Ports 16A and 16D are then closed using a valve
connected in the appliance, while port'iﬁB and 16C
remain open. The heating element in the appliance is’
then utilized to thermally cycle the reaction chamber

-between a temperature suitable for dehybridization and a
temperature suitable for annealing and polymerlzatlon '

- When the PCR reactiom cycle is complete, port 16C is
closed, port 16D is opened and the sample is del;vered
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to detection chamber 22B which contains a polynucleotide

_ probe, g.g.,'immobilized upon beads 92. A positive
assay for the polynucleotide is indicated by
agglutination of the polynucleotide probe in the
detection chamber. :

The invéntion will be-understood further from thé

following, nonlimiting examples.
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Example 1

A polymerase chain reaction is performed in the
device illustrated schematically.in Fiqure 11. To
perform a PCR analysis to detect. a polynucleotide in a

cell, a sample cell lysate is added to a buffered ,
solution of Tag polymerase, nucle051de triphosphates,
polynucleotide primers and other reagents required for
PCR. The cell sample lysate is delivered via the
appliance through entry port 16A to PCR reaction chamber
22A. Ports 16A and 16D are closed by means of valves
included in the appliance, while port 16B and 16C are
open. Tﬁe microprocessor and temperature control
element in the appliance are used to implement a

temperature cycle in reaction chamber 22A between 94°C,
for polynuclectide dehybridization, and 65°c, for
polymerase reaction. After the polymerase cha1n

- reaction is completef.port 16C is closed, 16D opened,
and the pump in the appliance connected to port. 16B used
to deliver the sample frowtthe.PCR reaction chamber 222
through flow channel 20B to the detection chamber 22B.
Detection chamber 22B contains beads 92 comprising a
surface ‘immobilized complementary polynucleotlde capable ,
of blndxng the amplified polynucleotide. The )
agglutination of the beads caused by hybridization
reaction between the amplified polynuclectide and the
complementary polynucleotide is observed through a
window disposed over the detection region 22B, and
provides a test for the presence of amplified
polynucleotide product.

Example 2

Figure 12 depicts schematically a device 10
including substrate 14 used to separate a nucleic acid -
from a subpopulation of cells in a mixture in a
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biclogical fluid sample, and then to perform an assay

" for a particular nucleotide sequence. Microfabricated
on device 10 is a mesoscale flow path 20 which includes
a cell separation chamber 22A, a cell Iy51s chamber ZZB,'
a filter region 24, a PCR reaction chamber comprising
sections 22C and ZZD, and a fractal detectlon region -40.
The mesoscale flow system 20 is also prov1ded with fluld
entry/exit ports 16a, 168, 16C and 16D. The device is
used in combination with an applxance, such as
appliance 50, shewn 1n Flgure 6A.

Initially, the valves in the appliance are used to
close ports 16C and 16D, whlle ports 16A and 16B are
open. A sample containing ‘a mlxture of cells is
directed to the sample inlet port 16A by the pump 3 52 in
the appllance, and flows through the mesoscale flow path
20 to separatlon chamber 223a. Ehamber 22R contains.
binding moieties immobilized on the wall of the chamber
which selectlvely bind to a surface molecule on a
desired type of cell in the sample. Remalnlng cellular
components exit the substrate via port 16B. After
binding of the desxred cell populatxon in. chamber 22A,
flow with buffer is contlnued to wash and assure
isolation of the cell populatlon. Next port i6B is
closed and 16C is opened. Flow is then increased
sufficiently to dislodge the immobilized cells} Flow is
continued, forc1ng cells through membrane plerc1ng
‘protrusions 90 in chamber 228, which’ tear open the cells

relea51ng intracellular material.

Sample flow continues past filter 24, which filters
. off large cellular membrane components and other debris,
to mesoscale PCR chamber sectlnn 22¢, which is connected
to PCR chamber- section 220 by flow channel 20B. Tag
polymerase, primers and other reagents required for the

RN
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PCR assay next are added to section 22D through port. 16C
from a mated port and flow path in the appliance,
permitting mixing.of the intracellular soluble
components from the separated subpopulation of cells and
the PCR reagents. With port 16A closed, a pump in the
appliance connected via port 16B is used to cycle the
PCR sample and reagents through flow channel 20B between
-sections 22C and 22D, set at 94°C and 65°C respectively,
to implement plural polynncleotlde meltlng and
polymerization cycles, allowing the amplification of
ﬁfoduct polynucleotide. The valves in the appiiance
next are used to close port 16C and to open port 16D.
The pﬁmp in'the appliance connected to_port 16B is then
used to direct the amplified'poiynucleotide isolated
from the cell population to a detection region comprised
6f a fréctally bifurcating series of flow paths 40. -
Flow restriction in the fractal region 40 serves as a -
positive indicator of the presence of amplified
polynucleotide product and is detected optically through
a glass cover disposed over the detection region.

—It will be understood that the above descriptions
are made by way of illustration, and that the invention
may take other forms within the spirit of the structures

- and methods described herein. vVariations and
modifications will occur to those skilled in the art,
and all such~var1at10ns and mcdlflcatlons are considered
to be part of the lnventlon, as defined in the claims.
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What is claimed is:

1. A'dévice for amplifying a preselected
polynucleotide in a sample by conducting a
polynucleotlde polymerxzatlon reactlon, the dev1ce ‘
comprising: i :

-a solid substrate microfabricated to deflne.

a sample inlet port; and
a mesoscale flow system comprising:

a sample flow channel extending from said
inlet port; and _ ) : :
‘ ‘a pqiynucleotide polymerization reaétion
chamber, in flnid communication with said flow
channel, containing reagents for the .
polymerization reaction; and

means for thermally regulating the contents of said
chamber whereby the temperature is controlled to ampllfy
sald preselected polynucleotlde. '

2. The device-of claim 1, wherein said
polymerization reaction is a polymerase chain reaction
{PCR), and wherein said PCR chamber comprises: said
preselected polynucledtide, a polymerase, nucle051de
trlphosphates, a first primer hybrldlzable with said
sample polynucleotide, and a second primer hybridizable
with a sequence complementary to said polynucleotide,
wherein said first and second primers define the termini -
of the polynucleotide prodnct of the polymerization
reaction; and

_ wherein said means for thermally regulating
comprises means for thermally cycling the contents of
said chamber between a temperatnre controlled to

. separate double stranded polynucleotide thereby to
produce single stranded polynucleotlde r to anneal said
primers to complementary regions of single stranded
polynucleotlde, and to synthesize polynucleotide between
said primers, thereby to amplify said preselected
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3. The device of claim 2 wherein said PCR chamber

comprises:
a first section at a temperature which separates

double stranded polynuclectide;

a second section at a temperature which anneals sa1d
primers to complementary reglons of single stranded
polynucleotide; :

a. flow path dlsposed between said first and second
sections; and _

wherein said device includes means for repeatedly
transporting the contents of said chamber between at '

- least said first and said second sections to implement
plural cycleé of amplification of said polynucleotide.

4. . The device of claim 3 wherein said first
sectlon is controlled at a temperature to separate
" double stranded polynucleotlde, and
- wherein said second section and said flow path are
spaced apart from said first sectlon such that upon
transport of the contents of said chamber from said
first’section to said second séction, the saﬁple cools-
. passively to a temperature suff1c1ent to anneal prlmers
to single stranded polynucleotide.

5. The device of claim 3 further comprising means
for separately thermally controlllng said first and said
second sections. -

6.- The device of claim 4 further comprising means
~ for thermally controlling said first section.

7. The device of claim 5 or 6 wherein said means.
for thermally controlling comprises electrical
resistance means.
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8. The device of claim § or 6 wherein said means
for thermally controlllng comprnses means for provxdlng
electromagnetlc energy into said PCR chamber, -

9. The device of claim 2 wherein said substrate
further comprlses a second port in fluid commun;catlon
with said PCR chamber“ ' :

16. The device 6f claim 1 further comprising means
_for detecting said amplified polynuclestide.

11. The device of claim 10 wherein said means for
detecting comprises.means for detecting resistance to
flow of liquid in said flow passage caused by
polynucleotide aggregat:.on. ’

12. The device of claim 10, wherein said means for
detecting said amplified polynucleotide #omprises'a R
mesoscale detection region disposed within said.
-substrate in fluid communication with said reaction
chamber; and :

_ . wherein the device further includes means for
1ndnc1ng flow through said reaction chamber to transport
said amplified polynqcleotlde to said detectlon region.

13. The -device of claim 12 wherein said detection
' region includes a polynucleotide probe capable of
detectably binding to -said_ ampli»fied» polynucléotide.

14. The dev1ce of claim 13, wherein said
polynncleotlde probe is 1mmoblllzed on a magnetic bead.

15. The device of claim 14 wherein said detection
region comprises a fractal flow region, in fluid
~coxﬁmnnication with said flow channel, comprising
bifurcations leading to plural secondary f£low channels.



WO 93/22058 , PCT/US93/04039

- 41 -

16. The device of claim 1, wherein the\sample is a
cell sample, the device further comprising:
'_ cell lysing means, in fluid communication with said
reaction chamber in said mesoscale flow system, for
lysing a cell sample; and

means for inducing flow of sald sample -to said cell
lysxng means then to said reaction chamber.

17. The device of claim 16 further comprising:
a cell separation region, upstream from said cell
lysing means, for selectively capturing a preselected
cell population, comprising binding moieties capable of
binding said cell population; and
means for inducing flow within said separation

region:
at a first flow rate sufficiently slow to

permit capture of said cell population in the sample
by said binding sites to separate said cell
population from said sample; and .

at a second higher flow rate sufficient to
‘release said separated cell population from said
separation region to said lysis region. '

18. The device of claim 1 wherein said solid
substrate comprises microfabricated silicon.

19. The device of claim 1 further comprising an
appliance for use in combination with said substrate,
said appliance compriSihg:

means for holding said substrate; and . _

fluid input means interfitting with an inlet port-bn'

- said substrate. |

20, The device of claim 19 further comprising pump |
means for passing fluid through the flow system of Sald
substrate when it is held in sald holding means.
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21. fhe device of claim 20 wherein said appliance
further comprises a reagent reservoir and means for
_delxverlng a reagent to said flow system.

22. The dev1ce of claim 19 where1n sa;d appliance
1ncludes means for heating said reaction chamber. '

- 23. The device of claxm 10 further compr151ng an
appliance for use in combination w1th said suhstrate,
said appliance COEPIlSlng-A

means for holding said snbstrate; and
optical means for v1ew1ng'the contents of said
mesoscale flow system in-said substrate. _

24, The device of claim 23, wherein said opt1cal
means comprises magn;fylng optlcs and a v1deo camera,
and wher21n said appliance further comprlse5°
& tilt mechanism for manually adjusting the angle
and location of the dev1ce, and : .
" a video screen for v1ew1ng the contents of said flow :

' system.

PCT/US93/04039
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25. A device for amplifying a preselected
polynucleotide in a sample by conducting a polymerase
chain reaction (PCR), the device comprising:

a solid substrate microfabricated to define:

"a sample inlet port; and
a mesoscale flow system comprising:

a samﬁle flow channel extending from said
inlet port; and _

a PCR chamber, in fluid communication with
said flow channel, for receiving said
preselected polynu;:leotide and PCR reagents;
and

means for thermally cycling the contents of said
chamber whereby, in each cycle, temperafu:e is
controlled to separate double stranded polyﬁucleotide,
and to synthesize polynucleotide, thereby to ampllfy -
said preselected polynucleotlde.

26. The device of claim 25 wherein said flow system -
further comprises a detection chamber in fluid
communication with said PCR chamber.

27. 'The dev1ce of claim 25 wherein said PCR chamber
comprlses. :

a first section at a temperature which separates
double stranded polynucleotide; - ’

a second section at a temperature which anneals
single stranded polynucleotide, and whlch polymerlzes
and amplifies polynucleotide;

a flow path disposed between said fxrst and second
sections; and

, means for repeatedly transporting the contents of
said chamber between said first and said second sections
to implement plural cycles of am_plification of said
polynucleotide.
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28. The device of .claim 25 further comprising an
appliance for use in combination w1th sald substrate,

said appllance comprlslng. .
-2 mesting site for holding said substrate, which -
comprises fluid input means 1nterf1tt1ng with an inlet

port on said substrate. '

: "25. The device of clalm 28 WhEIEln sald device
includes electrlcal contacts fabricated in the

substrate; and
wherein said'néstiﬁg-site further includes an -

electrical connection for interfitting with said
electrical contact in'said.substrate.'

30. The dev1ce of claim 28 whereln the appllance
'further comprises pump means’ for passing flutd through
the flow system of said substrate when it is held in

said holding means.
]
31.. The dev1ce of clalm 29 whereln said flow system

further comprlses a detectlon chamber in fluid
communlcatlon with said PCR chamber.

32. The device of clalm 28 where;n the appliance
further comprlses & power supply. :
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33. A method for amplifying a preselected
polynucleotide in a sample .by conducting a '
polynucleotide polymerization reaction, the method
comprising: .

(i) providing a device comprising:

a solid substrate microfabricated to define:
'~ a sample inlet port; and
a mesoscale flow system cbmprlslng'
a sample flow channel extendlng from
-said inlet port; and
a polynucleotide polymerization
reaction chamber in fluid communication
_ with said flow channel; and
. means for thermally regulating the contents of
said chamber at a temperature controlled to amplify said -
preselected polynucleotlde, .

(ii) delivering, through said 1nlet port and said
mesoscale flow system to said reaction chamber, said
sample polynucleotide and reagents required for. the
polymerization reaction; and '

(1ii) thenﬁally controlling the contents of said
chamber to polymerize said polynucleotide.
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'34. The method of claim 33, wherein said
polymerlzatlon reaction is a polymerase chaln redction
(PCR); '

wherein, in step (i), said means for thermally
controlling comprises means for thermally cycling the

contents of sald'chamber,
wherein step (ii) 1nc1udes the step of adding to

said PCR chamber: a polymerase, nucleoside
triphosphates, a first prrmer hybridizable with said
sample polynucleot1de, and a second prlmer hybridizable
with a sequence complementary to said polynucleotide,
and wherein said first and second primers define the
termini of the polynucleotlde product of the

polymerlzatlon reaction;. and
wherein step (iii) includes the step of thermally

’ cycllng the conteats of said chamber whereby, in each
cycle, the temperature is controlled to separate double
stranded polynucleotide thereby to produce single -
stranded polynucleotide, to anneal complementary regions
of 51ng1e stranded.polynucleotlde, and to synthesrze and
“polymerlze polynucleotide between sald prlmers. :

35. * The method of cla1m 34 wherein sald PCR chamber
is comprised of: :
a flrst section at a temperature Whlch separates

donble stranded polynucleotide;
& second section at a temperature which anneals

complementary regions of single stranded polynuclectide
and polyﬁerizes and amplifies polymucleotide;

a flow path disposed between said first and second
sectlons,_and ’

wherern the device further includes means for
repeatedly transporting the ‘contents of said chamher
between said first and said second sections; and

wherein step (iii) includes. the step of repeatedly
transport;ng the contents of said chamber between said
first and sa1d second sections to implement plural

- -

™
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36. The method of claim 35 wherein said first

section is controlled at a temperature to separate
double stranded polynucleotide; and ’

- wherein said second section and said flow path are
spaced apart from said first section such that upon
transport of the contents of said chamber from said
first section to said second section,.the sample cools
substantially to a'temperature to anneal and polymerize;
and . ’ .

wherein step (iii) includes the step of repeatedly
transporting the contents of said chamber between said
first and second sections to polymerize said
polynucleotide. :

~ 37. The method of claim 33, wherein the device
further includes means for detecting said amplified
polyhucleotide, and wherein the method further '
comprises: ' o
(iv) detecting said amplified polynucleotide.

38. The method of claim 37 wherein said detection
eans comprises means for detecting resistance to flow
of liquid in said chamber caused by polynucleotide
aggregation: and : )

‘wherein step (iv) includes the step of detecting
resistance to flow with said detection means.
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39. The method of claim 37, wherein said means for
detectlng said ampllfled polynucleot;de comprises a
mesoscale detection region disposed within said
substrate in fluid communication w1th said reaction
chamber; and _ _ )

wherein said device further includes means for ,
inducing flow through said reaction chamber to transport
said amplified polynucleotide to said détection region;
and o ‘ ‘ - L
wherein step (iv) includes the step of delivering
said sample from said reaction chamber to said detection
region with said transportation means and then detectlng
said amplzfled polynucleutlde in said detectlon region..

40. The method of claim 39 whereln the detectlon

region includes a polynucleatide probe capable of
detectably blndlng to sa;d.sample pelynucleotide; and
wherein, in step (iv}), the bindlng of said sample

polynuclectide to said’ prbbe is detected..

41. The method of claim 39 whereln the detectlon
zegxon comprises a fractal flow region in flpnid )
commmnication with said flow channel comprxslng
blfurcat;ons leading to plural secondary flow'channels,

and _ }
wherein, in step (1v), the flow of sample fluld

through said fractal fIOW'reglon 15 detected
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42. The method of claim 33 wherein the sample is a
cell sample, and the device further comprises: ‘

cell lysing means, in fluid communication with said
reaction chamber, in said mesoscale flow system, for
lysing a cell sample prior to dellvery of the sample to
the reaction chamber, and

means for inducing flow of said sample throngh sa1d
cell 1y51ng means to said reaction chamber; and

wherein step (ii) includes the step of dellverlng
said sample to said lysis means then. to said react1on

chamber.

43. The method of claim 42 whereln the devzce
further COMleSES'

2 cell separation reglon, prior to said cell lysis
means, for selectively capturing a preselected cell
pepulation, comprising binding moieties capable of -
birding said cell populatlon, and '

wherein step (ii) 1ncludes, prior to the delivery of
the cell sample to said cell lysis means, the step of
dellverlng said sample to.said cell separation region

at a first flow rate suff1c1ently slow to

permit capture of .said cell populatlon in the sample _

by said binding sites to separate said cell
populatxon from said sample, and

at a second higher flow rate sufficient to
release said separated cell populatxon from said

region to said cell lysis means.
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